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INTRODUCTION 
Application of ammoniacal fertilizer at the proper time and by the 
proper techniques is beneficial to plant growth. But damage to seed 
germination and seedling development can occur when seeds are planted 
in concentrated fertilizer bands or zones. The concentrated band of 
fertilizer modifies the soil environment. When ammoniacal nitrogen, 
especially NH^, is in this zone, two questions arise. Is the damage due 
to ammonia or to ammonium? What morphological differences in the seed­
lings indicate the type of damage? "Ammonia" is here defined as NH^, 
"ammonium" as NH^, and "ammoniacal" as including both NH^- and NH^nitrogen 
sources. 
Observations made in the field and in the greenhouse of ammonia 
damaged plants indicated that there were characteristic damage symptoms 
(43). The top portion of corn plants growing in the ammonia treated soil 
has been observed to be stunted (19,43,54). In moisture stress conditions, 
the plants were wilted and were dying. When the damaged plant was care­
fully removed from the soil, absence of a normal root system became 
evident (20,43). 
The highest concentration of ammonium-nitrogen in the center of the 
soil zone immediately after injection has been determined to be around 
2,000 ppm (36). Corn seed germination was reported to be inhibited by 
this concentration whereas there was no inhibition with 600 ppm ammonium-
nitrogen (43). These studies were undertaken to investigate germination 
inhibition and seedling development as affected by various soil treatments 
applied to this zone. The treatments were applied in an attempt to 
2 
improve germination and root growth. 
Liquid anhydrous ammonia was used exclusively in these studies, in 
this way no moisture was added to the soil and carrier ions were elimi­
nated. Two soils with similar cation exchange capacities but different 
pH values were chosen for these studies. The difference in soil pH was 
used to study the relationship of pH and ammoniacal nitrogen on germi­
nation and seedling development. A correlation between pH, ammoniacal-
nitrogen content, root development, and free ammonia was sought to 
investigate the hypothesis that free ammonia was the cause of the plant 
damage (2,7,8,21,22,32,33). it was decided to investigate the difference 
between morphological damage symptoms due to anhydrous ammonia and high 
pH. 
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LITERATURE REVIEW 
Ammonia Reaction In Soil 
Phvs i ca1 reactions 
Various sorption mechanisms are available when the ammonia (NH^) 
molecule enters the soil. Physical reaction does not require the 
presence of hydrogen ions as the NH^ is sorbed without the formation of 
NH^ (4o). Mort land (39) suggested that ammonia could hydrogen bond to 
the oxygen molecules of the clay lattice. The physical type of sorption 
Is readily reversible as the energy of formation is relatively small. 
Young and McNeal (63) Insist that the bond from the hydrogen of the 
hydroxyl of the clay lattice to the nitrogen of the ammonia is stronger 
than the bonding mentioned above. 
Chemica1 reactions 
As a general rule, the chemical reactions of ammonia sorption 
require more energy than the physical mechanisms (39). The chemical 
reaction can be referred to as the combination of ammonia with hydrogen , 
yielding ammonium. Protons are available for reaction from the soil 
water, exchangeable hydrogen Ions on the complex, and reactive organi­
cally combined hydrogens (e.g. hydroxyls) (13,14,45). 
Ammonia dissolves slightly in water to form ammonium Ions and 
hydroxyl ions (4l). 
NH^ + HgO -—^ NHJ + OH" 
The equilibrium favors only small amounts of the ammonium ion with the 
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remainder of the ammonia being hydrated. This is a temporary retention 
site since ammonia will be released upon drying. The ammonia would 
then diffuse through the soil pores until another reaction site is 
encountered or it may escape to the atmosphere if all sites are 
saturated and the ammonia is close to the soil surface (15,18). 
Exchangeable hydrogen, whether on the clay complex or on the organic 
complex, can react with ammonia to form ammonium. This mechanism is 
especially important in acid soils (40). 
Stanford and Pierre (55) proposed that the ammonium ion could be 
trapped between layers of the clay lattice similar to potassium fixation. 
They concluded that ammonium and potassium were fixed by the same 
mechanism and would compete for sites. The majority of this ammonia 
would be unavailable to react in the soil solution and would not be 
Péadî Fyf-ut fl P±ed"by"bFgan i sms . 
Capacity of soi 1 to retain ammonia 
Parr and Papendick (46) injected anhydrous ammonia into an Edina 
silt loam and found that more ammonia was held when the injection rate 
was increased. The rates used were from 1,000 ppm to 20,000 ppm NH^-N. 
When water was present in very small amounts, between air-dry and oven-
dry conditions, moist air would remove or replace a considerable amount 
of the sorbed ammonia suggesting a water-ammonia competition for sorption 
sites. With amounts of water comparable to Ou93fbtm6sphs»kpkeMSiom? 
there was little competition for sorption sites. They concluded that 
the greater quantities of water acted as a solvent for the ammonia. 
After injection of 7,500 ppm NH^-N and continuous desorptlon, bboùt 
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2,000 ppm NHg-N was retained by the soil (44,46). 
Mcintosh and Frederick (37) found that when 120 pounds of nitrogen 
per acre were applied as anhydrous ammonia on 40-inch spacings the 
initial ammonium-nitrogen concentration was around 2,000 ppm in the 
center of the application zone with a pH of 9.5. After maximum diffusion 
the concentration was around 800 ppm and the pH was 8.8. They used a 
Nicollet sandy clay loam (36). Coffee and Bartholomew (l8) explained this 
diffusion as an equilibration of the ammonia. As the ammonia was applied 
to the soil, only a small fraction of the soil was contacted by the 
ammonia. The soil at that point was saturated with ammonia and as the 
partial pressure dropped the ammonia was released and diffused to other 
reaction sites. 
Ammonia-Plant Interactions 
AmmonIa metaboli sm 
Ammonia has been reported to be incorporated into organic combi­
nation by glutamic dehydrogenase and glutamine synthetase (3). Chlorella 
vulgaris was used in this study in which ttlhsre-wasiann inrorease-of 
alanine after direct addition of ammonia to the low-nitrogen cells. A 
large increase in glutamine and alanine with smaller increases of 
asparagine, glutamic acid, citrulline, arglnlne, proline,and serine were 
found by Reisner and associates (52). Henderlong and SchmIdt(X3b) fouAd 
a similar increase in asparagine and glutamine In barley shoots grown 
In the presence of ammonium chloride. 
Ammoniiania normallyousédt toafotmuglutamic^acid aod^cacbamyl rphosphate 
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and does not accumulate to a concentration that would be physiologically 
detrimental (52;60, pp. 535-562). From these two compounds enough 
nitrogen in the reduced form can be obtained for the synthesis of the 
other amino acids. White, Handler and Smith (60, p. 537) noted that at 
physiological pH (7.4), only I percent of the total ammonia Is NH^ 
while the rest is NH^, 
Plant growth in ammoniated atmospheres 
All red and Ohlrogge (2) placed corn seeds in desiccators containing 
various normalities of ammonium hydroxide to produce an atmosphere of 
free ammonia. As the seeds germinated, a partial pressure of NH^ of 
0.063 mm of Hg (millimeters of mercury) was required to develop root 
injury symptoms. It took a partial pressure of 0.0125 mm of Hg to 
prevent germination after 7 days of exposure. They recorded that the 
primary roots were brown and there was an apparent lack of radicle develop­
ment with increasing partial pressure of ammonia. The plumule was 
affected the least and they attributed this to the shielding effect of 
the coleoptile. Cells with high respiration sites were damaged the most. 
They also noted that only secondary roots grew in monoammonium phosphate 
bands applied in the soil while no roots grew in diammonium phosphate 
zones. 
Brandon (ll) exposed corn seedlings to ammonia atmospheres from 
300 to 1,000 ppm and observed leaf margin deterioration. At levels of 
1,500 ppm and greater the whole leaf exhibited damage. He attributed 
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the damage to entry of ammonia through the stomata,causing an unknown 
adverse plant reaction. A higher than usual nitrogen content was 
detected in the exposed corn plant parts when compared to those of the 
control. 
Plant growth in ammoniated soi 1 
Ammonia- or ammonium-nitrogen can be produced from urea, ammonium 
salts or anhydrous ammonia. Hunter and Rosenau (33) found that corn 
seeds germinating in soil amended with urea produced damage symptoms 
similar to those when the soil was amended with anhydrous ammonia. As 
the ammonia-nitrogen concentration was increased the roots were greatly 
restricted in length and showed tip burning. Corn seeds failed to 
germinate in atmospheres of 1 mg of ammonia per liter of air. When 
the soil was about 100 percent saturated with NH^, corn seeds also failed 
to germinate. 
Germination failure was also reported by Blanchar (8) when more 
than 24 mi 11iequivalents of ammonium hydroxide per 100 grams of soil 
(meq/100 grams) were added to an Elliot silt loam. The seeds and 
ammoniated soil were in a closed atmosphere and the partial pressure 
of ammonia was determined by sampling the air and determining the amount 
of ammonia. Partial pressures greater than 1.i04 mm Hg inhibited corn 
germination. Germination damage was reported for partial pressures 
between 0.048 and 0.104 mm Hg. Equilibrium calculations of 
NH^ + HgO -7-^ NHJ + OH" 
were made and the pfe^lcteij pmmdnta^paBkmai^prpssure vphees 
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were slightly higher than the determined values. DuPlessis and Kroontje 
(28) used similar calculations with an ammonium sulfate-soil system and 
found that it was possible to predict the amount of volatile ammonia 
arising from the above equilibrium. 
Cummins and Parks (23) reported that ammonia was injurious to corn 
germination when 0.10 percent anhydrous ammonia was added to soil. Cooke 
(20) also found germinating corn to be adversely affected by planting in 
ammoniated soil. When pots of soil were injected with 70 pounds of 
nitrogen per acre as anhydrous ammonia, there were no visible damage 
symptoms. Additions of 700 pounds of nitrogen per acre reduced germi­
nation by about 50 percent and the plants that did germinate had very 
short roots that were less than 1.0 centimeter (cm) in length and had 
scorched tips. 
Stevenson and Bates (57) demonstrated apparent ammonia toxicity to 
germinating wheat seeds in diammonium and monoammonium phosphate fertilizer 
bands. Seedlings developing in the fertilized Oneida clay loam (60 pounds 
of nitrogen per acre) had very little radicle development with restricted 
plumule development. They found less damage on the clay loam soil than 
on a Fox sandy loam which they attributed to a higher cation exchange 
capaci ty. 
Proposed iniury sites and mechanisms 
One of the most ammonia-tolerant crops known is onion (A11jurn spp.). 
Siegel and Daly (53) germinated onion seeds in ammonium solutions and 
then investigated the site of ammonia accumulation. The dividing cells 
of roots grown in ammonia were fewer in number and had abnormally shaped 
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chromosomes when compared with those grown in air. The pH of the root 
sap of the onion plants growing in ammonia solutions was 8.5 whereas the 
control was around 6.5. Some cell membranes were noted as being ruptured 
by the ammonia. All of the radicles produced in the ammoniacal media 
were highly abnormal with brown growing tips. Essentially the same number 
of onion seeds germinated in the ammonia treatments as did in the control. 
Tomato plants grown in Hoagland's solution with ammonia as ammonium 
sulfate exhibited decreasing chlorophyll formation with increasing amount 
of ammonium sulfate additions (49). Photosynthesis was decreased 
sharply by increasing amounts of ammonia. The amounts of ammonia in the 
leaves were reported to be high enough to uncouple photophosphorylation 
and to inhibit nicotinamide adenine dinucleotide phosphate (NADP) reduc­
tion. 
Too much ammonia in bean tissue appears to be related to protein 
degradation (6). Under high nitrogen assimilation, the free ammonia 
content of the tops increased over the controls. Use of labelled nitrogen 
indicated that a large portion of the increase was from internal nitrogen. 
When calcium carbonate was added to the acidic root medium, the amount of 
free ammonium in the plant was reduced (5). The leaves showed signs of 
cell degradation in the form of lesions. Barker and associates (4) also 
found that high ammonium assimilation induced lesions on the stems and 
leaves of tomato plants. They attributed the lesion formation to ammonium 
inhibiting the utilization of potassium. Potassium is known to be an 
activator in protein synthesis (25). Drake and White (26) also reported 
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decreased potassium con&emtwwtbhiâoceeaeddanûtrogepraddrtîons. 
Vines and Wedding (59) reported that ammonia was an effective 
uncoupler of photosynthetic phosphorylation. They also noted that 
ammonia inhibited respiration. When substrates were added to overcome 
this respiration block only succinate appeared to be effective. Glucose, 
pyruvate, citrate, alpha-ketoglutarate, succinate and malate were used 
In this study. Ammonia appeared to increase nicotinamide adenine 
dinucleotide (NAD) reduction. From the above data the workers concluded 
that ammonia inhibited the oxidation of reduced NAD which occurs in the 
electron transport system. When the concentration of undissociated 
ammonia was maintained by lowering the pH and increasing the ammonium 
concentration, the same level of respiration inhibition was recorded. 
Ammonia has been defined as a germination inhibitor (29). As 
little as 50 ppm ammonia In air was reported to Inhibit corn germination. 
Neither the mechanism nor the reason for the inhibition Is clear but 
some feel that the Inhibition is a blocking effect rather than a deteri­
oration effect on the germinating seed (35)-
A decrease in water uptake in sugar beets was noted by Stuart and 
Haddock (58) when ammonium hydroxide was used in the water culture 
instead of potassium carbonate at pH 9.4. The roots would turn brown 
when the ammonia was introduced and then a sharp decline In water uptake 
was observed. Less than 5 percent of the initial water uptake rate was 
observed with the ammonium hydroxide treatments while there was greater 
than 50 percent of the Initial water uptake rate noted when potassium 
carbonate was added. Adenosine triphosphate (ATP) added to the treatments 
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did not increase the initial rate of water uptake but tended to overcome 
the decrease caused by the ammonia. 
Stuart and Haddock (58) tried to investigate the epidermis as the 
site of water uptake inhibition due to added ammonia. Roots that were 
treated with n-diamyl acetic acid (DAA) to remove their epidermis did 
not show a decrease in water uptake over the initial rate when ammonia 
was added, indicating a possible ammonia-epidermis-water interaction. 
Corn seeds that were soaked in solutions of ammonium hydroxide-
ammonium sulfate and then allowed to germinate had 80 percent or better 
germination when the pH of the solution was between 8.0 and 3.0 (32). 
Outside of these limits the percent germination was less than 35. 
Salt effects 
The osmotic pressure increase in a Norfolk sand caused by addition 
of 100 pounds of anhydrous ammonia per acre was 0.278 atmosphere; for 
100 pounds per acre of urea, 0.445 atmosphere; sodium nitrate, 0.590 
atmosphere; calcium carbonate, 0.028; ammonium nitrate, 0.618; and diammon-
ium phosphate, 0.202 (50). The salt or osmotic effect of added anhydrous 
ammonia was less than half of the increase due to sodium nitrate or 
ammonium nitrate. Salt tolerance of crops was increased when a fertilizer 
containing nitrogen, phosphorus, and potassium in the ratio 1:3:1 was 
added to an alkaline soil (51). 
The salt effects of added ammonium fertilizers were compared by 
adding ammonium sulfate, ammonium chloride, ammonium nitrate, and 
diammonium phosphate in equal amounts of nitrogen (62). No injury to 
growing plants was observed when ammonium sulfate, ammonium chloride. 
12 
and ammonium nitrate were added. When diammonium phosphate, which pro­
duced a smaller osmotic change than the above sources, was added, the 
plants grew abnormally. Calcium salts exhibited a sparing effect 
on the ammonia injury. Magnesium salts also were antagonistic but were 
not as effective as the calcium salts. Willis and Pi land (62) hypothesized 
that the calcium salts reacted with the free ammonia producing calcium 
carbonate and ammonium sulfate. They suggested that calcium sulfate-be 
considered andadditive to ammonium fertilizers to reduce possible ammonia 
injury. Henricks (31) explained that the ions entering the roots inter­
act at the root surface in an antagonistic manner. 
Adams (l) used diammonium phosphate additions to study the calcium 
activity in the soil solution when cotton was grown. He concluded that 
the decrease in calcium activity was caused by precipitation of calcium 
with ammonium and phosphate. 
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MATERIALS AND METHODS 
Materials 
Chemi cals 
All of the chemicals used in these studies were of reagent grade 
except for commercial grade anhydrous ammonia. 
Soi Is 
A Webster clay loam obtained from the Iowa State University Agronomy 
Farm near Ames, Iowa was used in these studies. The soil was taken from 
the southeast corner of plot S-5 (1969), of the farm. Physical and 
chemical characteristics are found in Table 1. 
Table 1. Soil physical and chemical properties 
Meg/100 grams 
Soil type % 1:1 CaCl2 % % % Exch. Exch, 
O.M. pH pH sand silt clay bases H"*" CEC 
Webster 
clay loam 3.8 7.1 6.2 35 34 31 27.8 4.0 30.6 
Muscat!ne 
silty clay loam 3.8 5-5 50 2 65 33 23.4 9.4 28.5 
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The Muscatine silty clay loam was taken from the Donald Buck farm 
located 2 miles north of Rhodes, Iowa. Both soils were brought into the 
laboratory and sieved through a 2 mm sieve in the field-moist condition 
and then placed in garbage cans lined with a polyethylene garbage can 
liner bag. The moisture content remained almost constant for the time 
that they were stored—up to 10 months. The physical and chemical 
properties are noted in Table 1. 
Seeds 
The corn seed (Zea mays L.) used throughout these experiments was 
a pollen restoring single-ccoss hybrid^, A6l9TRf x A632, îheipeccèrfc. 
g&cmination was 95; the lot number was L130R; and the seed size was 19R. 
2 
The seeds were treated with Captan 75-Malathion 1.5. A single-cross 
hybrid was chosen to reduce the number of variables and to use a seed that 
would be as uniform as possible in germination and growth characteristics 
and comparable to those that a majority of the farmers were planting. The 
sample size used in these experiments was 25 seeds or less which makes the 
single-cross more desirable since it would exhibit less variation. 
The cotton (Gossypium hirsutum L.) variety^ used was grown and tested 
in Texas in April 1969 and designated Paymaster 202; lot number 807-217. 
The percent germination was 80. The seeds were coated with Cresan , a 
mercurial seed disinfectant. 
'clyde Black and Son Seed Farm, Ames, Iowa. 
2 
Stauffer Chemical Co., New York, New York. 
^Paymaster Seed Farms; Box,1632,iPlarnviêw^ Texas. j 
4 
E. I. de Nemours, DuPont Co., Wilmington, Delaware. 
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Methods 
£H 
Soil reaction or pH was measured by the glass electrode method (47). 
Ten milliliters (ml) of distilled water were added to 10 grams of moist 
soil and stirred periodically during a 30-minute period. The mixture 
was allowed to settle for at least 1 hour and then the glass electrode 
was lowered into the soil suspension while the calomel electrode was 
lowered just into the solution above the soil suspension. Ten ml of 
0.02 molar calcium chloride solution was added to the soil-water system 
and again stirred intermittently during a 30-minute period. The suspen­
sion was allowed to settle for at least 1 hour and the pH was measured 
in the same manner and recorded as the calcium chloride pH (CaCl^ pH). 
The first pH reading was recorded as the 1:1 pH. The pH values reported 
herein are understood to be 1:1 pH readings unless otherwise stated. 
Nitrogen analyses 
Ammonium, nitrate, and nitrite analyses were made by the magnesium 
oxide-Devarda's alloy method (12), Ten grams of soil were extracted 
by adding 100 ml of 2 normal potassium chloride and shaking for 1 hour 
on a mechanical shaker. The suspension was2 allowed to settle over­
night and then filtered through a Whatman No. 2 filter paper. A 5 or 
10 ml aliquot was extracted to analyze for the nitrogen on all samples 
but the high ammonium rates. For the high rates, 3 ml allquots were 
used for the analysis to insure that all of the ammonium was determined. 
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Nitrite-nitrogen was obtained by subtracting the mi 11iequivalents 
(meq) of nitrate-nitrogen from the meq of nitrite- plus nitrate-nitrogen. 
Sulfamic acid was used to destroy any nitrite-nitrogen to obtain the 
nitrate-nitrogen analysis. Ammonium-nitrogen, nitrite-nitrogen, and 
nitrate-nitrogen analyses were calculated on an oven-dry weight basis 
and reported in mi 11iequivalents per 100 grams of oven-dry soil. 
Additions of calcium carbonate and potassium carbonate 
Calcium carbonate and potassium carbonate were added to the soil by 
placing a known weight (1,000 grams) of soil on a large piece of smooth 
white paper and spreading it out to a uniform thickness of approximately 
1 inch. A known amount of the compound was carefully sprinkled on top 
of the soil, distributing it as evenly as possible over the entire surface. 
The soil was mixed by lifting the corners and sides of the paper in an 
alternating fashion. This was done until there were no visible signs 
of the white powder. The treated soil was then placed in a polyethylene 
bag and further mixed with other 1,000-gram portions of the same treat­
ment . 
Additions of anhydrous ammonia 
A sample of soil (500 grams) of known moisture content was placed in 
a polyethylene bag (8 inches x 4 inches x 18 inches) and anhydrous ammonia 
was injected in the soil with an N-Jector^ calibrated to deliver the 
*N-Jector, British Patent Number 760812, Direct Nitrogen Limited, 
Greenfield House, 69/73 Manor Road, Wellington, Surrey, England. 
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required amount in four injections or "shots." These four injections 
equalled 1,000 ppm when the soil was thoroughly mixed. The 2,000 ppm 
treatment was accomplished by doubling the number of "shots" for the 
1,000 ppm treatment. After each injection, the soil was mixed in the 
polyethylene bag' and then placed in a larger sized bag (12 inches x 
6 inches x 24 inches). Treated soil of the same nitrogen level was 
placed in this larger bag and mixed as thoroughly as possible so that all 
soil of the same treatment would be equally exposed to the injected 
ammonia. Samples were removed and extracted with potassium chloride 
using the method already described to determine the exact ammonium con­
centration. Expected levels of ammonium-nitrogen did not equal determined 
levels due probably to ammonium fixation (55). 
Additions of monobasic calcium phosphate 
Phosphorus was added to the soil in the form of monobasic calcium 
phosphate (Ca(H2P0^)2 HgO) and placed in the soil in the same manner as 
that described above for calcium carbonate. 
Electrical conductivity 
Electrical conductivity measurements were taken by the saturation 
extract method (lO). After the glistening paste was extracted, a con-
2 
ductivity bridge was used to determine the electrical conductivity in 
millimhos per centimeter (mmho/cm). Total cation concentration (TCC) 
^There was no noticeable ammonia leakage from the polyethylene bags. 
2 
Conductivity bridge model 31, Yellow Springs Instrument Co., Inc., 
Yellow Springs, Ohio. 
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în meq per 100 grams of oven-dry soil was calculated by the method devised 
by Hoodie, Smith,and Hausenbui11er (38) and Bower and Wilcox (lO). 
TCC = 10 X electrical conductivity x % water at saturation/1,000 
Total cation concentration was used to equalize the samples since each 
had a different amount of water added to obtain the saturation paste. 
Exchaoqeable potassium 
Ammonium acetate (l normal) was used to extract exchangeable potas­
sium from the soil (48). Five grams of moist soil were extracted with 
25 ml of ammonium acetate after 1 hour on a mechancial shaker. The soil 
suspension was allowed to settle overnight and filtered with a Whatman 
number 42 filter paper. The extract was determined with a flame photometer 
and the ppm of potassium was calculated on an oven-dry weight basis. 
ppm = ^ ppm of flame photometer 
Germination and emergence 
Plants were considered germinated if there was a radicle and/or a 
plumule that was longer than 1.0 mm. This measurement was taken after 
the plants had been harvested approximately 15 days after planting. 
A plant was noted as being emerged from the soil when the plsmtile 
was 5 mm or more above the soil surface. Emerged seedlings were counted 
at the time each pot was watered. 
Root and top lengths 
The root and top length measurements were taken after the plants 
had been harvested. The roots were carefully extracted from the soil 
Flame photometer model 146, Perkin-Elmer Corporation, 2205 Curtis 
Street, Downers Grove, Illinois. 
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by unravelling the roots from the bottom of the soil-root mass and 
gently shaking. Each plant was rinsed in distilled water until no more 
soil was removed and then the length was measured. The top measurement 
was taken from the nodal roots to the longest extended leaf. The roots 
were measured from the point of emergence of the nodal roots to the end 
of the longest extended root. When there were no nodal roots, root 
measurements were made from the micropyle to the tip of the radicle and 
did not exceed 2 cm. 
Dry weight of plants 
The roots were separated from the tops at the nodal roots and 
placed in a Kraft paper sack, perforated to allow air circulation. 
The bags were placed in a dryer for 72 hours at 60 degrees centigrade. 
The plant parts were then weighed and recorded as the dry weight of the 
roots and the tops. 
Cation exchange capacitv 
Cation exchange capacity measurements were made according to the 
1 normal ammonium acetate method (l6). The ammonium was displaced from 
the soil by the sodium chloride method (l6). Cation exchange capacity 
was expressed as meq per 100 grams of oven-dry soil and recorded in 
Table 1. 
Exchangeable hydrogen and exchangeable bases 
The barium chloride-triethanolamine method was used to determine 
the exchangeable hydrogen (47). 
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The exchangeable bases were determined by ammonium acetate extraction 
and muffle furnace ignition at 600 degrees centigrade (17). The exchange­
able hydrogen and the exchangeable bases were expressed as meq per 100 
grams of oven-dry soil. Vëliies fbr Exchangeable baseseandpexchangeable 
hyd rogènr^a re i I èy I. 
Organic matter 
A 10.00 gram sample of moist soil of known water content was 
oxidized with a mixture of 10 ml of potassium dichromate, 20 ml of con­
centrated sulfuric acid, and 100 ml of distilled water for 7 days (34,pp. 
216-219). The percent transmittancy at 64$ millimicrons (wavelength) was 
read on a spectrophotometer'. The percent organic matter was determined 
from a standard curve. 
Particle s i ze analvsI s 
The soil texture or particle size analysis was determined by the 
pipette method described by Day (24). The organic matter was not 
destroyed for this analysis. 
Calculations 
All of the calculations made for these studies were on the oven-
dry weight basis. A moist soil sample (approximately 50 grams) was 
weighed and placed in an oven for 24 hours at 110 degrees centigrade. 
The dry soil was weighed and the following calculation performed to 
obtain the moisture percentage. 
Spectronic model 20, Bausch and Lomb, Rochester, New York. 
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Percent moisture = "et "eiqht - oven-dry weight ^ 
oven-dry weight 
Soil water present in moist samples was considered in making all of the 
concentration calculations. 
Experimental techniques 
Ammonia vs inhibition time This study was designed to determine 
the length of time required to cause germination inhibition in corn and 
cotton by injected anhydrous ammonia. The Muscatine and Webster soils 
were injected with ammonia as described above to give rates of 0, 7, and 
14 meq/100 grams (O, 1,000, and 2,000 ppm nitrogen) and placed in 1 
pound wax-lined cottage cheese containers. Twenty-five seeds were 
placed on the soil and covered with at least I inch of loose, treated 
soil. The potted soil was weighed and enough water added to bring the 
soil moisture up to 30 percent. At this same time, three seeds were 
placed in non-ammoniated soil in vials (2-3/4 inches tall by 1-1/4 inches 
in diameter) and called the "0 transplant." Twelve hours later, three 
seeds were taken randomly from the cottage cheese containers and trans­
planted immediately without washing to vials containing non-ammoniated 
soil. At 24 and 48 hours after planting the first seeds in the ammon-
iated soil, three more seeds were taken out of the cottage cheese con­
tainers and transplanted to the non-ammoniated soil in the vials. Soil 
samples were taken from the cottage cheese containers at each time 
interval for pH and nitrogen determinations. 
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The cottage cheese containers and the vials were placed in separate 
growth chambers' to reduce contamination due to ammonia-volatilization from 
treated soil. The chambers were regulated for 85 degrees Fahrenheit during 
a l6-hour day and 65 degrees Fahrenheit during the night. The treatments 
were periodically watered with distilled water to bring the soil moisture 
percentage up to 30 percent. The experimental design was a 2 x 2 x 3 
factorial with 4 transplanting dates as a split-block and 2 replications. 
The plants were harvested 15 days after planting and the following 
determinations were made: (a) pH, (b) ammonium-, nitrite-, and nitrate-
nitrogen, (c.) top length, (d) root length, (e) dry weights of tops and 
roots, (f) moisture percentage of soil, and (g) the germination percentage. 
Ammonia ^  monobasic calcium phosphate A study was designed to 
test the effect of adding phosphorus to the soil when anhydrous ammonia 
was applied and to investigate root development. 
The Muscatine and Webster soils were injected with 0, 7. and l4 
meq/100 grams (O, 1,000, and 2,000 ppm nitrogen) as anhydrous ammonia 
and were treated with 0, 3, 6, and 10 meq of CafHgPO^Ïg. The experi­
mental design was a 2 x 3 x 4 factorial with two replications. The 
treated soil was placed in crocks (4 inches in diameter by 5 inches 
tall) lined with polyethylene bags (8 inches x 4 inches x 18 inches). 
Ten corn seeds were placed on the soil and covered with 1 inch of 
treated soil. Samples were taken for pH and nitrogen determinations. 
The crocks were placed in the greenhouse on July 28, 1969 and removed 
on August 12, 1969. The polyethylene bag was closed and tied for the 
Percival model E54U growth chamber, Percival Refrigeration 
Company, Boone, Iowa. 
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first 3 days to prevent moisture losses during germination. The plants 
were watered periodically with distilled water to maintain the moisture 
percentage around 30. 
When plants were harvested 15 days after planting, the following 
measurements were taken: (a) pH, (b) ammonium-, nitrite-, and nitrate-
nitrogen, (p) top length, (d) root length, (e) dry weights of tops and 
roots, (f) moisture percentage of soil, and (g) the germination percentage. 
Ammonia vs calcium carbonate The effect of changing the soi 1 pH 
before adding anhydrous ammonia was studied by amending the Muscatine 
soil with calcium carbonate (liming). The objective was to study the 
effects of raising the Muscatine soil pH to the same level as the Webster 
soil before ammonia was added and investigate resulting corn seed develop­
ment . 
The Muscatine soil was treated with 0 and 7 meq of calcium carbonate 
per 100 grams and 0, 7, and l4 meq of anhydrous ammonia per 100 grams in 
a 2 X 3 factorial design with three replications. The calcium carbonate 
was applied 36 hours before the ammonia additions. The treated soil was 
placed in crocks lined with polyethylene bags and ten corn seeds were 
planted in the soil of each crock within 2 hours after the ammonia was 
injected. The crocks were placed in the greenhouse on February 7, 1970. 
Samples for pH and nitrogen analyses were taken at this time. The soil 
moisture was adjusted to 30 percent and the top of the polyethylene bag-
liner was tied. The soil was opened to the atmosphere February 10, 1970 
and remained open for the duration of the experiment. The crocks were 
watered periodically to maintain approximately 30 percent moisture. 
The corn plants were allowed to grow for 15 days and then were har­
vested. The roots were carefully extracted from the soil and the following 
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measurements were taken: (a) pH, (b) ammonium-, nitrite-, and nitrate-
nitrogen, (c) top length, (d) root length, (e) dry weights of tops and 
roots, (f) moisture percentage of soil, and (g) the germination percentage. 
Potass ium carbonate v s calcium carbonate The effect of pH on the 
growth of corn roots was further studied by treating the Muscatine soil 
with potassium and calcium carbonate. The potassium carbonate was used 
to raise the pH to the same level as does the anhydrous ammonia while the 
calcium carbonate was used to study the effect of raising the initial 
soi 1 pH. 
The soil was treated with 0, 7, 14, and 23 meq of potassium carbonate 
per 100 grams of soil, and 0 and 7 meq of calcium carbonate per 100 grams 
of soil. The experimental design was a 2 x 4 factorial with three repli­
cations. Ten corn seeds were planted in the treated soil contained in 
the polyethylene lined crocks. After covering the seeds with 1 inch of 
treated soil, the crocks were watered to bring the moisture up to 30 
percent and the top of the polyethylene bags were tied. Samples for pH 
and exchangeable potassium determinations were taken at this time. The 
crocks were then placed in the greenhouse March 16, 1970. The soil was 
opened to the atmosphere on March 19, 1970. 
The plants were allowed to grow for 22 days and then were harvested. 
The longer length of growth was a result of lower temperatures in the 
greenhouse which caused the plants to emerge 5 days later than in the 
previous experiments. After the roots were carefully extracted from the 
soil, the following determinations were made: (a) pH, (b) exchangeable 
potassium, (c) top length, (d) root length, (e) dry weights of tops and 
roots, (f) moisture percentage of soil, and (g) the germination percent­
age. 
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RESULTS AND DISCUSSION 
Germination Inhibition Time 
Corn seeds failed to germinate when planted in the Webster soil that 
was treated with 9.1 meq of nitrogen per 100 grams of soil. Table 2 
indicates that when 5.8 meq of nitrogen per 100 grams of soil were applied, 
radicle growth was restricted to less than 50 mm. The pH of the treated soil 
that inhibited germination was 9.2 while the pH of the treated soil that 
caused the reduction in radicle growth but allowed germination was 9.0. 
The cotton seeds were more severely affected by the ammoniated 
soil than were the corn seeds. When planted in the Webster soil that 
was ammoniated with 5.8 meq of nitrogen, 100 percent of the radicles 
were less than 50 mm in length. Germination was completely inhibited 
at the 9-1 meq level. The pH values were 9.0 and 9.1 respectively 
(Table 2). 
Corn seeds in the Muscatine soil reacted differently from those in 
the Webster treatments. Corn seed germination was 100 percent when 
planted in 11.2 meq of nitrogen per 100 grams of Muscatine soil. Only 
10 percent of the radicles of these plants were less than 0.5 mm in 
length and 87 percent of the radicles were between 0.6 and 50 mm. All 
the seeds that germinated in soil treated with 6.3 meq of nitrogen per 
100 grams had radicles that were longer than 50 mm. The pH values for the 
6.3 and 11.2 meq treatments were 7-7 and 8.5 respectively (Table 2). 
Cotton seed germination was more affected by the ammoniated soil than 
was corn seed germination. Only 54 percent of the cotton seeds germinated 
Table 2. Corn and cotton seed germination and root development in Webster clay loam and Muscatine 
silty clay loam treated with anhydrous ammonia (harvested 15 days after planting) 
Initial Germi- Root development^ 
Soi 1 Plant NH^-N 
meq/1OOgm 
1:1 
pH 
nat i on^ 
% 
0
 1 0
 
0 .6-50mm 
% 
y  50mm 
7o 
Webster Corn 0 ,  ,0  6 .96  100  0  0  100  
5 ,8 8.98 100  0  94  6  
9 ,1 9.19 0  100  0  0  
Cotton 0 ,  ,0  7 .00  100  0  10  90 
5 ,8 8 .98  76  76 24 0  
9 . 1 9.14 0  100  0  0  
Muscat i ne Corn 0 .0  5.48 97 6 0  94  
6 ,  3 7.67 100  0 0  100  
11 .  2 8 .50  100  10  87 3 
Cotton 0 .  0  5.50 100  0 19  84 
6 .  3 7.65 100  0 23 77 
11. 2 8 .55  54  50  50 0 
^Percent germination of seeds planted. 
^Percent of plants with roots of a given length. 
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when planted in the Muscatine soil ammoniated with 11.2 meq of nitrogen. 
At the 6.3 meq level, germination was 100 percent with 23 percent of 
the radicles between 0.6 and 50 mm in length (Table 2). 
The length of roots was restricted more by ammonia added to the 
Webster soil than to the Muscatine soil (Tables 3 and 4). The 5.8 meq 
of nitrogen treatment reduced corn root length by 82 percent and cotton 
root length by 98 percent. Corn roots were reduced only 14 percent by 
6.3 meq of nitrogen added to the Muscatine soil. The 11.2 meq of nitrogen 
treatment was associated with an 82 percent reduction in corn and a 96 
percent reduction in corn root lengths. Dry weights of roots and tops 
(Tables 3 and 4) indicate that ammonia treatments greatly restricted both 
top and root growth. The reduction was more severe in the Webster soil 
than the Muscatine soil (Tables 3 and 4). 
Table 5 indicates that corn and cotton seeds planted for 12 hours in 
Webster soil treated with 9.1 meq of nitrogen per 100 grams of soil and 
a pH of 9.2 were not able to germinate when removed from the ammoniated 
soil and placed in non-ammoniated soil. The seeds planted in the ammon­
iated Muscatine soil exhibited approximately 100 percent germination when 
the seeds were left in the treated soil up to 48 hours. Leaving cotton 
seeds in this ammoniated soil (11.2 meq/100 grams, pH = 8.6) for 48 hours 
before transplanting did not reduce germination. 
It was determined by a previous study involving anhydrous ammonia 
(43) that when 48 hours had elapsed before the corn seeds were planted 
in the Webster soil amended with 11.0 meq/100 grams of soil, germination 
was increased from 0 to 50 percent as the pH was lowered 0.3 of a pH 
Table 3- Top and root length and dry weight of corn seedlings growing in Webster clay loam and 
Muscatine silty clay loam treated with anhydrous ammonia (harvested 15 days after planting) 
Soi 1 Plant 
Initi iai Averaqe^ lenqth/plant^ Average^ dry weiqht/plant^ 
N 
meq/lOOgm 
1:1 
PH 
Tops 
cm 
Roots 
cm 
Tops 
grams 
Roots 
grams 
Webster Corn 0.0 6. 96  24.8a 23.6a , 098a  .124ab 
5.8 8 .98  17.2b 4.3d .051cd . 128a 
9.1 9 19 0.0c O.Of .OOOe • OOOd 
Muscat i ne Corn 0,0 5.48 23.9a 20.6b .083ab .109bc 
6.3 7.67 24.8a 17 .6c  .071bc .095c 
11.2 8 .50  14.8b 2.5e .047d . I42a 
^Average of 32 plants. 
'^Values with different letters in a given column are significantly different at the 5% level 
using Duncan's Multiple Range Test (56, pp. 107-109). 
Table 4. Top and root length and dry weight of cotton seedlings growing in Webster clay loam and 
Muscatine silty clay loam treated with anhydrous ammonia (harvested 15 days after planting) 
Soi 1 
Initial 
Plant N 
meq/lOOgm 
1 : 1  
pH 
Average^ length/plant^ 
Tops 
cm 
Roots 
cm 
Average^ dry weight/plant^ 
Tops 
grams 
Roots 
grams 
Webster Cotton 0 . 0  
5.8 
9.1 
7.00 
8.98 
9.14 
8.5a 
1.7c 
O.Od 
9.4a 
0.2d 
O.Od 
.072a 
.060ab 
.000c 
.020ab 
.000c 
,000c 
Muscat!ne Cotton 0 . 0  
6.3 
1 1 . 2  
5.50 
7.65 
8.55 
8.4a 
7.5b 
0.2d 
7.8b 
6.7c 
0.3d 
.077a 
.064a 
,015bc 
.019ab 
.023a 
,000c 
^Average of 32 plants. 
'^Values with different letters in a given column are significantly different at the 5% level 
using Duncan's Multiple Range Test (56, pp. 107-109). 
Table S- Percent germination when six seeds were transplanted from Webster clay loam and Muscatine 
silty clay loam treated with anhydrous ammonia 
Initial Number of hours exposed to ammonîated soil 
Soi 1 Plant NH^-N 
meq/1OOgm 
1:1 
pH 0" 12 24 48 
Webster Corn 0 .0 6.96 100 100 100 100 
5 .8 8 .98  100 100 100 100 
9 .1 9.19 83 0 0 0 
Cotton 0 .0 7.00 83 100 100 100 
5 , 8  8 .98  83 100 83 100 
9 , 1 9.14 100 0 0 0 
Muscat i ne Corn 0, ,0 5.48 100 100 100 83 
6, 
.3 7.67 100 100 100 100 
11 ,2 8 .50  100 100 100 100 
Cotton 0 .0 5.50 83 100 100 83 
6, .3 7.65 100 100 100 100 
11 .2 8.55 100 100 83 100 
^Seed in this treatment were not subjected to the ammonlated soil before planting in the trans­
plant vials. 
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unit. The pH of the ammoniated soil at the time of the 48 hour trans­
plant in the present study was 8.6 (8.9 meq N/100 grams), a decrease of 
0.5. It appears that as the pH drops and the ammonium concentration remains 
approximately constant, the toxicity to germination decreases (5,27). 
Effect of Lowering pH with Monobasic Calcium Phosphate 
The Webster soil amended with 7.2 meq of nitrogen as anhydrous ammonia 
per 100 grams of soil (pH 9.0), resulted in the inhibition of corn seed 
germination (Table 6). Additions of phosphorus (3.2 meq/100 grams as 
monobasic calcium phosphate) lowered the pH to 8.6 with 9.5 meq of 
nitrogen per 100 grams of soil. The percent germination was increased 
to 30 with this phosphorus treatment. Injections of 8.4 meq of nitrogen/ 
100 grams plus 6.4 meq of phosphorus/100 grams resulted in a soil pH of 
7-7 with 100 percent of the corn seeds germinating. 
The radicle growing in the 3.2 meq phosphorus plus 9.5 meq nitrogen 
treatment was less than 0.5 mm in length. The radicles that did begin 
to develop had turned brown and were not growing. Doubling the amount 
of phosphorus (6.4 meq phosphorus plus 8.4 meq nitrogen) increased root 
development over the nitrogen treatments where no phosphorus was added. 
The roots were very similar in appearance to those of the control. They 
were white and did not have burned tips. Corn seeds germinated in Webster 
soil treated with 9.7 meq phosphorus plus 11.2 meq nitrogen and the 
seedlings had normal appearing roots (Table 6). 
There was a significant nitrogen-phosphorus interaction in the 
Webster soil (Table 7). Phosphorus added with the nitrogen increased 
Table 6. Corn seed germination and root development in Webster clay loam and Muscatine silty clay loam 
treated with monobasic calcium phosphate and anhydrous ammonia (harvested 15 days after planting) 
Initial Germ!- Root development^ 
Soi 1 NH4 P 1:1 nation® 0-0.5mm 0.6-50mm > 50mm 
meq/1OOgm meq/1OOgm pH 7o % % 7o 
Webster 0.0 0.0 7.10 100 0 0 100 
0.0 3.2 5.78 100 0 0 100 
0.0 6.4 5.30 100 0 0 100 
0.0 9.7 5.00 100 0 0 . 100 
5.4 0.0 8.75 80 95 5 0 
3.8 3.2 7.44 100 0 0 100 
5.6 6.4 7.09 100 0 0 100 
5.2 9.7 6.20 100 0 0 100 
7.2 0.0 9.00 0 100 0 0 
9.5 3.2 8.64 30 100 0 0 
8.4 6.4 7.73 t o o  0 0 100 
11.2 9.7 7.44 100 0 0 100 
Muscat i ne 0.0 0.0 5.56 100 0 0 100 
0.0 3.2 4.99 100 0 0 100 
0.0 6.4 4.81 100 0 0 100 
0.0 9.7 4.70 100 0 0 100 
5.4 0.0 7.47 100 0 0 100 
4.7 3.2 6.80 100 0 0 100 
4.5 6.4 5.93 100 0 0 100 
5.2 9 7  5.66 100 0 0 100 
10.6 0.0 8.36 100 0 100 0 
95 3.2 7.93 100 0 0 100 
8.4 6.4 7.04 100 0 0 100 
9.9 9.7 6.73 100 0 0 100 
^Percent germination of seeds planted. 
''Percent of plants with roots of a given length. 
Table 7- Top and root length and dry weight of corn seedlings growing in Webster clay loam treated with 
monobasic calcium phosphate and anhydrous ammonia (harvested 15 days after planting) 
Initial Average® ienqth/olant^ Averaqe® < dry wei qht/piant^ 
Soi 1 N 
meq/lOOgm 
P 
meq/lOOgm 
1:1 
pH 
Tops 
cm 
Roots 
cm 
Tops 
grams 
Roots 
grams 
Webster 0.0 0.0 7.10 33.5cd 31.1a . I80b .132ab 
0.0 3.2 5.78 31.5de 32.1a .150cd . I43a 
0.0 6.4 5.30 31.Ode 29.6ab .130de .126bc 
0.0 9.7 5.00 29.5e 29.3abc . 12Ie .116cd 
5.4 0.0 8.75 4.0fg O.Oe .008f .OOOf 
3.8 3.2 7.44 40.2a 26.labcd .218a .103de 
5.6 6.4 7 09 37.3ab 23.0bcd .194ab .090e 
5.2 97 6.20 40. la 20.6d .201ab .089e 
7.2 0.0 9.00 O.Oh O.Oe .OOOf .OOOf 
95 3.2 8.64 0.9gh O.Oe .OOlf .OOOf 
8.4 6.4 7.73 39.5ab 26,0abcd .193ab ,090e 
11,2 9.7 7.74 36.8bc 22.3cd .173bc .094e 
^Average of 20 plants. 
''values with different letters in a given column are significantly different at the 5% level using 
Duncan's Multiple Range Test (56, pp. 107-109). 
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the length of the leaves above the control in the medium nitrogen rate 
treatment. This increase did not occur with the high nitrogen rate 
until almost an equivalent amount of phosphorus was added. A similar 
response was recorded in the Muscatine soil except less phosphorus was 
required to improve leaf length (Table 8). 
Root length responded similarly to the nitrogen-phosphorus additions. 
When nitrogen treatments decreased root length, additions of phosphorus 
increased root length (Table 7). 
The percent germination in all of the treatments of the Muscatine soil 
was 100 (Table 6). Root length of corn plants growing in Muscatine silty 
clay loam treated with phosphorus and nitrogen up to 9.7 meq phosphorus 
plus 99 meq nitrogen was 71 percent of the control (Table 8). Only 
when the phosphorus was not added with the nitrogen was there any decrease 
in average root length below 40 percent. With the 10.6 meq of nitrogen/ 
100 grams of soil and no phosphorus (pH 8.4), the average root length 
was 2.4 mm and the root tips were brown. 
Effect of Raising pH with Calcium Carbonate 
Anhydrous ammonia injections into Webster clay loam caused a rise in 
the pH and consequently damage to germinating seeds was observed (Table 
2). The pH of the Webster soil before injection was 7.1 and then it 
increased above 9.0, depending on the amount of ammonia added per unit 
weight of soil. This characteristic rise of over 2 pH units was also noted 
in the Muscatine soil when similar levels of ammonia were injected into the 
soil of pH 5.5. The resulting pH was above 8.0. The Muscatine soil was 
Table 8. Top and root length and dry weight of corn seedlings growing in Muscatine silty clay loam 
treated with monobasic calcium phosphate and anhydrous ammonia (harvested 15 days after 
plant ing) 
initial Average^ lenqth/plant^ Average^ dry weiqht/olant^ 
Soil N 
meq/lOOgm 
P 
meq/lOOgm 
1:1 
pH 
Tops 
cm 
Roots 
cm 
Tops 
grams 
Roots 
grams 
Muscatine 0.0 0.0 5.56 33 2abc 25.2ab ,l6lbcde .126a 
0.0 3.2 4.99 35.2abc 28.9a .193abc .122a 
0.0 6.4 4.81 32,8abc 25.0ab .155cdef .1I4ab 
0.0 9.7 4 .70  29.8bc 28.8a .126ef .097bc 
5.4 0.0 7.47 36.labc 24.7ab .198ab .117a 
4.7 3.2 6.80 39.lab 2I.9bc .195abc .089c 
4.5 6.4 5.93 39.8ab 20.5bc ,I6lbcde .095bc 
5.2 9.7 5 .66  42.8a I7.5cd .I67bcde .084c 
10.6 0.0 8.36 9.9d 0.2e .024g • OOOd 
9.5 3.2 7.93 29.1c 15.4d .122f .080c 
8.4 6.4 7.04 36.5abc 20.6cd .172bcd .086c 
9.9 9.7 6 .73  33.5abc 17.9cd .I46def . 086c  
^Average of 20 plants. 
^Values with different letters in a given column are significantly different at the 5% level using 
Duncan's Multiple Range Test (56, pp. 107-109). 
treated with calcium carbonate (or limed) in an attempt to simulate the 
pH of the Webster soil before ammonia was added. Additions of 7.1 meq 
of calcium carbonate per 100 grams were successful in raising the soil 
pH to 7.1. When the limed Muscatine soil was treated with 15-9 meq of 
nitrogen as anhydrous ammonia per 100 grams of soil, the soil pH was 9.5 
When no lime was added with 12.2 meq of nitrogen per 100 grams, the soil 
pH was 8.8 (Table 9). 
The percent germination in the unlimed soil was above 90 with addi­
tions of anhydrous ammonia (12.2 meq/100 grams). The root growth was 
severely restricted with this amount of ammonia. Twenty percent of the 
seeds had no radicles while the other 80 percent were less than 50 mm 
in length, amounting to a reduction in root length of 99 percent of the 
control (Tables 9 and lO). 
Corn seeds planted in Muscatine soil amended with 7-1 meq of calcium 
carbonate and 15.9 meq of anhydrous ammonia failed to germinate. Root 
growth was less than 51 mm on 27 percent of the plants grown in the soil 
receiving 6.1 meq of ammonia plus 7-1 meq of calcium carbonate. The pH 
values were 9-5 and 8.4 respectively (Tables 9 and lO). The initial soil 
pH was important in determining the extent of root damage when anhydrous 
ammonia was added to the Muscatine soil. Germination was completely 
inhibited when the initial soil pH was 7-1- These data indicated that 
the damage due to added ammonia was due either to pH alone or to pH and 
ammoniacal nitrogen content. 
Table 9. Corn seed germination and root development in Muscatine silty clay loam treated with anhydrous 
ammonia and calcium carbonate (harvested 15 days after planting) 
Initial Germi- Root development 
NH^ CaCOj 1:1 nation® 0-0.5mm 0.6-50mm ^ 50mm 
meq/lOOgm meq/lOOgm pH % % % % 
Muscatine 0.0 0.0 5.34 90 10 0 90 
8.5 0.0 8.06 100 0  0 100 
12.2 0.0 8.79 97 20 80 0 
Muscatine 0.0 71 7.10 100 0 0 100 
6.1 7.1 8.43 100 0 27 73 
15.9 7.1 9.48 0 100 0 0 
^Percent germination of seeds planted. 
^Percent of plants with roots of a given length. 
Table 10. Top and root length and dry weight of corn seedlings growing in Muscatine silty clay loam 
treated with anhydrous ammonia and calcium carbonate (harvested 15 days after planting) 
Initial Average^ lenqth/plant^ Average® dry weight/plant^ 
Soi 1 NH3 
meq/1OOgm 
CaCOj 
meq/1OOgm 
1:1 
pH 
Tops 
cm 
Roots 
cm 
Tops 
grams 
Roots 
grams 
Muscatine 0.0 0.0 5.35 32.2a 29.5a .154a .090b 
8 .5  0.0 8 .06  21.2b 21 . lb . 078c  .069c 
12.2 0.0 8.79 6 .8d  0.4d .0l4e .OOOd 
Muscatine 0.0 7.1 7 10 30.9a 27 .6a  J 30b .105a 
6.1 7.1 8.43 16.5c 12.5c .062d .070c 
15.9 7.1 9.48 O.Oe O.Od .OOOf .OOOd 
^Average of 30 plants. 
'^Values with different letters in a given column are significantly different at the 5% level using 
Duncan's Multiple Range Test (56, pp. 107-109). 
Effect of Raising pH with Calcium and Potassium Carbonate 
The Muscatine soil was limed with 7.1 meq of calcium carbonate per 
100 grams to raise the initial soil pH to 7.1 (Table 11). Potassium 
carbonate was added in increasing amounts to raise the pH of the soil 
above 7-1 inorder to simulate ammonia additions. Root and leaf length 
were greatly restricted (84 and 94 percent reduction) by additions of 
23.8 meq of potassium carbonate and 7.1 meq of calcium carbonate (Table 
12). The pH of the soil was 9.2. At pH 8.7 in the limed soil with 16.3 
meq of potassium carbonate, root and top length were restricted only 19 
and 14 percent respectively (Figure I). 
Without addition of calcium carbonate, additions of 23.7 meq of 
potassium carbonate (pH 9.3) resulted in 84 percent reduction in root 
length and a 93 percent reduction in top length (Figure 2). Similar 
amounts of reduction occurred with added calcium carbonate (Table 12). 
The corn seeds germinated in soil treated with potassium carbonate. 
The pH of the soil treated with high amounts of potassium carbonate was 
above 9.0. When anhydrous ammonia was added to the Webster soil in suf­
ficient amounts to increase the pH to 9.2 or above, the percent germination 
was 0. Conductivity readings indicate that there was about the same 
osmotic effect (similar amounts of soluble salts) with the added potassium 
carbonate as with the added ammonia that caused the same pH (Tables 13 and 
14). Germination was completely inhibited with ammonia treatments of 7.2 
meq/100 grams and a soil pH of 9.0 (Table 6). This is contrasted to the 
results of the potassium carbonate experiment where greater than 93 percent 
of the seeds germinated in treatments of 23.7 meq of potassium and pH of 9.3. 
Table 11. Corn seed germination and root development in Muscatine silty clay loam treated with calcium 
carbonate and potassium carbonate (harvested 22 days after planting) 
Initial Germi Root development^ 
Soil K2CO3 CaCOg 1:1 nation^ 0-0,5mm 0.6-50mm > 50mm 
meq/IOOgm meq/lOOgm pH % % % % 
Muscatine 0.0 0.0 5-12 97 0 0 0 
7 .2  0 .0  7 .60  97  0  0  100  
14.5 0.0 8.55 93 0 0 100 
23.7 0.0 9.30 93 0 50 50 
Muscatine 0.0 7-1 7.07 100 0 0 100 
7.5 7.1 7.75 97 0 0 100 
16.3 7.1 8 .70  87  0  0  100  
23 .8  7-1 9.19 93 - 0  59 41 
^Percent germination of seeds planted. 
'^Percent of plants with roots of a given length. 
Table 12. Top and root length and dry weight of corn seedlings growing in Muscatine silty clay loam 
treated with calcium carbonate and potassium carbonate (harvested 22 days after planting) 
Initial Average® lenqth/plant^ Average® dry weiqht/plant^ 
Soil K2CO3 
meq/lOOgm 
CaCOg 
meq/lOOgm 
1:1 
pH 
Tops 
cm 
Roots 
cm 
Tops 
grams 
Roots 
grams 
Roots 
+ tops' 
grams 
Muscat i ne 0.0 0.0 5.12 26.2ab 32.4a .200b .151c 
7.2 0.0 7.60 27.4a 27.4b .226ab .151c 
14.5 0.0 8 55 24.2bc 25 .8b  .199bc . 160b 
23.7 0.0 9.30 1.9d 5.0c .OOOd .OOOd .097 
Muscat!ne 0.0 7.1 7.07 25.8ab 29.7ab .249a .154bc 
7.5 7.1 7 75 26.0ab 28.lab .214b . 166a 
16.3 7.1 8 .70  22.6c 26.2b . 166c .170a 
23 .8  7.1 9.19 l.7d 5.1c .OOOd .OOOd .077 
^Average of 30 plants. 
'^Values with different letters in a given column are significantly different at the 5% level 
using Duncan's Multiple Range Test (56, pp. 107-109). 
^he tops were not separated from the roots for this measurement. 
Table 13. Electrical conductivity of saturation extracts of Muscatine silty clay loam treated with 
calcium carbonate and potassium carbonate 
initial EC mmho/cm TCC meg/100 
Soil K2CO3 CaCOg 1:1 Planting Harvest Planting Harvest 
meq/lOOgm meq/IOOgm pH inmho/cm mmho/cm meq/IOOgra meq/IOOgm 
Muscatine 0.0 0.0 5.12 0.34 0.29 0.17 0.15 
7 .2  0 .0  7 .60  3 .85  0 .98  1 .78  0 .45  
14.5 0.0 8 55 7.96 3.04 3.53 1.48 
23.7 0.0 9.30 17.10 7 .25  7 87 3.26 
Muscatine 0.0 71 707 2.03 0.68 1.00 0.34 
7.5 7.1 7.75 3.05 2.31 1.45 1.06 
16.3 7.1 8 .70  7 .18  3.59 3.11 1. 87  
23 .8  7.1 9 .19 14 ,00  8 .22  7 .01  3 .86  
Table 14. Electrical conductivity* of saturation extracts of Muscatine silty clay loam treated 
with anhydrous ammonia and calcium carbonate 
Initial EC TCC 
Soi 1 NH3 
meq/lOOgm 
CaCO] 
meq/lOOgm 
1:1 
pH mmho/cm meq/lOOgm 
Muscatine 0.0 0.0 5.34 0.46 0.21 
8.5 0.0 8.06 5.45 2,84 
12.2 0.0 8.79 6.33 3.57 
Muscat i ne 0.0 7.1 7 10 0.70 0.35 
6.1 7.1 8.43 6.47 3.20 
15.9 7.1 9.48 (3.58)'' (l.20)b 
^Measured at harvest time. 
^Only a few milliliters were extracted from saturated paste and the solution was dark with 
organ!c matter. 
Figure 1. Top growth of corn seedling planted in a Muscatine silty clay 
loam treated with 7 meq 6f calcium carbonate per 100 grams of 
soil plus 0 to 24 meq of potassium carbonate per 100 grams of 
soil. Ten corn seeds were planted in the treated soil and a 
allowed to develop for 22 days. The percent germination in 
all treatments was 87 percent or greater. 
45 
mUîMT/ZVEl 
5OIL 
7-^ '«•«i •""*%. 
Figure 2. Top growth of corn seedling planted in a Muscatine silty clay 
loam treated with 0 meq of calcium carbonate per 100 grams of 
soil plus 0 to 24 meq of potassium carbonate per 100 grams of 
soil. Ten corn seeds were planted in the treated soil and 
allowed to develop for 22 days. The percent germination in 
all treatments was 93 percent or greater. 
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Plumule and Radicle Development 
The difference in development of the radicle and the plumule of the 
corn seedling in ammonia zones was marked. Under conditions of anhydrous 
ammonia levels used in these studies which did not inhibit germination, 
the plumule emerged from the seed coat with little or no radicle growth 
(less than 2 mm). The plumule appeared to be unaffected by additions of 
anhydrous ammonia as it grew through the soil. The only observable 
symptoms of abnormal plant growth from 1 to 7 days after emergence was 
stunting of the plant. In contrast, corn plants growing in the potassium 
carbonate treated soil (pH 8.6, 14.5 meq KgCO^/lOO grams) exhibited 
marginal leaf burning and severe wilting at the end of this growth period. 
As the radicle tip began to develop in ammoniated Webster soil, it 
turned brown and did not grow to any appreciable length (less than 5 mm 
with 5.4 meq of ammonia per 100 grams) (Table 6). If there was no water 
stress when the plumule emerged, the plant survived since the secondary 
or nodal roots developed later. Nodal roots have also been observed to 
be damaged after growing in the ammoniated soil (Figure 3). The ammonia 
damaged plants were stunted and were 50 percent as tall as the control 
but had no other visible (above ground) signs of damage (Figure 4). 
There were no leaf damage symptoms indicating free ammonia entering the 
leaves from soil volatilization like Brandon (ll) described. 
Corn seedlings grown in the Muscatine soil amended with high levels 
of potassium carbonate had partially developed radicles but poorly developed 
plumules (Figures 5 and 6). Ninety-three percent of the corn seeds germi­
nated in the soil treated with 23.8 meq/lOO grams (pH 9.2). The radicle 
Figure 3. Growth of a corn seedling growing in 2,000 ppm NH3-N (deter­
mined to be 10.6 meq N/100 grams) treated Muscatine silty 
clay loam (Table 6). The plant was harvested and the 
picture was taken 15 days after planting. The radicle was 
less than 1 mm in length and all of the roots that developed 
were short and brown. 
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Figure 4. Top growth of corn seedlings growing in Muscatine silty clay 
loam treated with 7 meq of calcium carbonate per 100 grams 
and 0, 1,000, and 2,000 ppm nitrogen as anhydrous ammonia 
(determined to be 0, 6, and 16 meq/100 grams) (Table 10). 
The percent germination was 100, 100, and 0 and the pH values 
were 7.7, 8.4, and 9.5 respectively (Table 9). 
zs 
Figure 5 Corn seedling development in Muscatine silty clay loam treated 
with 0 meq of calcium carbonate per 100 grains and 24 meq 
potassium carbonate per 100 grams. The plant died about 7 
days after emerging. The radicle length was greater than the 
plumule. All plant parts were desiccated and dead at harvest 
time, 22 days after planting. The soil pH was 9.3. The 
photograph was taken 22 days after planting. 
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Figure 6. Corn seedling development in Muscatine silty clay loam treated 
with 7 meq of calcium carbonate per 100 grams and 24 meq 
potassium carbonate per 100 grams. The plant died about 7 
days after emerging. The radicle length was greater than the 
plumule. All plant parts were desiccated and dead at harvest 
time, 22 days after planting. The soil pH was 9.2. The 
photograph was taken 22 days after planting. 
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was longer than the plumule when contrasted with the ammonia treatments. 
The roots averaged 50.7 mm in length while the plumule was 16.7 mm. The 
roots were brown and had died by harvest time, 22 days after planting. 
The plumules were also brown and desiccated and had died before harvest 
time which is uncommon in ammonia damage cases. These observations 
indicate that there is a mechanism for ammonia seedling damage and a 
different one for high pH or salt damage. These conclusions are supported 
by previous work conducted with chloride salts that caused a high electrical 
conductivity reading and affected the radicle less than the plumule (43). 
The corn coleoptile is a hollow tube-like sheath that covers the 
plumule (S)• As germination proceeds, the coleoptile elongates to provide 
a covering for the emerging plumule or primary leaf. Once the coleoptile 
encounters sunlight it ceases to grow and the leaves break through the 
tip. In general, the coleoptile is more resistant to ammonia injury 
than are the radicle and plumule (2,43). This provides a reason why the 
emerging plumule is not adversely affected by the high ammonia concentration 
i n the soi 1. 
The growing point of the root tip has been observed to be adversely 
affected by the ammonia (Figure 3). Vines and Wedding (58) proposed that 
the ammonia inhibited the electron transport chain of respiration by 
blocking the nicotinamide adenine dinucleotide oxidation. This would tend 
to explain the above observations that the root tips were discolored and 
ceased growth in the ammoniated soil since this is a site of high rates 
of respiration. 
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Ammonia Reactions in Soil 
Ammonia-ammoni urn activi tv i n soi 1 
Mort land (39) proposed that the water on the clay complex acted more 
acidic than free water and would yield a proton to the free ammonia mole­
cule. With time there would be an equilibrium between the free ammonia 
molecule and the ammonium molecules in solution. From data obtained in 
these studies it was determined that germination was inhibited when the 
soil pH was 9-0 or above and the total concentration of ammoniacal-
nitrogen (found by extracting the soil with 2 normal potassium chloride 
and steam distilling the ammonia with magnesium oxide) was 7.2 meq/100 
grams of soil (Table 6). Raising the pH alone above 9.0, as in the case 
of adding potassium carbonate to the Muscatine soil, did not inhibit 
germination. On the other hand, concentrations of 12.2 meq of ammonia 
per 100 grams of soil did not inhibit germination with a pH of 8.8. This 
data supports the hypothesis that free ammonia causes the germination 
inhibition. 
Bennett and Adams (?) proposed a method of reporting the ammonia 
concentration for comparisons with other experiments. They used the follow­
ing equations: 
12.9 (aq) 
K, 
K 
w 
b 
NHgfg) is the partial pressure of ammonia in mm of Hg and |NH^ (aq) is the 
molarity of unionized ammonia in solution. is the dissociation 
constant for 
NH^ (aq) NhJ + OH" 
is the dissociation constant of water. |NH^ is the soil solution 
ammonium concentration corrected to activities. is the hydrogen 
ion activity of the soil solution. Using these equations, Bennett and 
Adams (?) interpreted the data of All red and Ohirogge (2) that damage 
occurred when the soil solution concentration was 10 millimolar (mM) 
with respect to the ammonia molecule. 
Bennett and Adams (7) found that with sudan grass and cotton it 
took 0,17 mM and 0.24 mM respectively to initiate ammonia damage. They 
explain that All red and Ohirogge (2) reported the lethal amount of ammonia 
instead of the incipient point of damage with a value of 10 mM. Blanchar 
(8) had data which could be explained similarly (17 mM). 
Using the equations proposed by Bennett and Adams (7) without 
adjusting to ionic activity, data from the present studies indicate that 
at pH 9.0 and a 7.2 meq of ammoniacal-nitrogen per 100 grams, the con­
centration of NH^(aq) is around 17 mM, This would correspond to the lethal 
quantity for corn. Previous experiments have demonstrated that there is 
an ammonia tolerance level for most crops but it is not necessarily the 
same for c.11 crops. Corn is a very ammonia tolerant crop. 
Figure 7 gives the results of fitting a regression equation of the 
1:1 pH values on the meq of ammoniacal-nitrogen per 100 grams of soil 
(transformed to logarithms to the base lO). There are six general lines 
that fit most of the data. The controls were not included in this analysis 
because the equations were responses to additions of nitrogen. The lines 
Figure 7. Regression lines obtained when 1:1 pH values were regressed on log of meq of ammoniacal-
nitrogen per 100 grams of soil. Each line represents a different initial soil pH value 
before the anhydrous ammonia was added. These initial soil pH values are designated 
as "base pH" values. The following is a list of the slopes of the regression lines in 
pH units per meq for each line: 1 = .14, 2 = .26, 3 = .30, 4 = ,32, 5 = .33, 6 = .34. 
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LINE BASE pH SOIL TREATMENT 
1 7.1 Webster N 
2 7.1 Muscatine N + 7 meq CaCOg 
3 5.8 Webster N + 3.2 meq P 
4 5.5 Muscatine N 
5 5.3 Webster 
Muscatine 
N + 6.4 meq P (A) 
N + 3.2 meq P (*) 
6 5.0 Webster N + 9.7 meq P 
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converge which is expected when a weak 
There is approximately the same amount 
added to soils of different initial or 
acid is titrated with a weak base, 
of increase in pH when ammonia is 
base pH values. 
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SUMMARY AND CONCLUSIONS 
Germination Inhibition Time 
The time required to inhibit corn seed germination in Webster clay 
loam amended with anhydrous ammonia was less than 12 hours. Seeds that 
were placed in the ammoniated soil and then removed 12 hours later did 
not germinate when transplanted to non-ammoniated soil. The seeds did 
not appear to have begun to swell appreciably. The mechanism that 
inhibits germination may be due to, (a) gaseous ammonia penetation into 
the seed, blocking respiration, (b) the high ammonium concentration and 
the high pH causing secondary effects that block the germination process 
such as restricting water inhibition, or (c) other mechanisms not now 
recogni zed. 
Cotton seeds germinating in the Webster soil were also inhibited 
when left in the ammonia treated soil for 12 hours. The seeds apparently 
had not begun to swell when they were removed from the treated soil because 
their coat was firm and non-pliable. 
Corn seed germination was not inhibited in Muscatine silty clay loam 
treated with anhydrous ammonia up to 11.2 meq/100 grams. All of the corn 
seeds left in the treated soil germinated. The high ammonia concentration 
did restrict root growth in the ammoniated soil. When compared to a non-
ammoniated soil, the dry weights of corn roots growing in the 11.2 meq/100 
grams treatment were reduced by 44 percent; root and top lengths were 
decreased by 88 and 38 percent respectively. One difference between the 
Webster and the Muscatine soils was the initial pH, The Muscatine was 
5.5 and the Webster was 7.1. Admittedly there were other major differences 
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between these two soils but in explaining the effects of anhydrous ammonia 
on germination, the pH difference became more important in the germination 
inhibition process than the other soil characteristics. All of the experi­
ments were designed to test the importance of the soil pH in relation to 
seed germination in ammoniated soil. 
Cotton seedling roots in the Muscatine soil were reduced in length 
more than those of corn. In the 11.2 meq/100 grams treatment, tops were 
restricted in length 98 percent, the root length was restricted 96 percent, 
and the percent germination was 50. The pH at the time of planting was 
8.6. Corn germination in ammoniated Muscatine soil of pH 8.5 was essen­
tially 100 percent. Cotton seedlings were more susceptible to ammonia 
damage than were corn seedlings. 
The pH drop from the initial ammonia injection to 48 hours later was 
0.5. This seemingly small pH drop cannot be explained by a decrease in 
the ammoniacal-nitrogen concentration nor an increase in nitrate production. 
Olsen and Watanabe (42) stated that the carbon dioxide level could be 
changed slightly at high pH levels by reacting with basic materials in 
the soil- This carbon dioxide increase can decrease the pH by 0.3. With 
a starting pH of 9-0 and lowering to 8.7, the decrease in free ammonia 
partial pressure would be approximately 56 percent. This would explain 
the results of Openshaw (43) that percent germination was increased by 
increasing the time period between ammonia injection and planting. 
Effect of Lowering pH with Monobasic Calcium Phosphate 
There was a soil pH decrease when monobasic calcium phosphate was 
added to the Webster and Muscatine soils. Monobasic calcium phosphate 
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decreased the soil pH while additions of anhydrous ammonia raised it. 
Equivalent amounts of phosphorus and nitrogen added to the Webster soil 
alleviated the germination inhibition exhibited when ammonia was added 
alone. Germination inhibition of corn seeds was only 30 percent when 
9-5 meq of ammonia per 100 grams were added to the Webster soil that 
was treated with 3.2 meq of phosphorus/100 grams. However, germination 
was 100 percent when 9.7 meq of phosphorus was added to the Webster soil 
before 11.2 meq of ammonia/100 grams were added (Table 8). 
Treatments of 10.6 meq of ammonia restricted corn top growth (length) 
70 percent while additions of 6.4 meq of phosphorus in the Muscatine soil 
along with the ammonia resulted in top growth (length) that was signifi­
cantly comparable to the control (Table 8). The additions of monobasic 
calcium phosphate improved length of corn tops when applied before 
anhydrous ammonia injections. 
Corn root growth was also improved when monobasic calcium phosphate 
was added to the Webster soil before additions of anhydrous ammonia. 
When 4 meq of nitrogen per 100 grams of soil were added, 3 meq of phos­
phorus or greater were required to overcome root growth inhibition. For 
the higher ammonia level (8.4 meq/100 grams), 6.4 meq of phosphorus 
improved root length significantly longer than the control (Table 7)• 
In the low ammonia treatments (5 meq/100 grams), in the Muscatine 
soil, corn root length was not significantly restricted until 3 meq or 
greater were applied. When 9-5 meq of ammonia were added to the soil 
treated with 3.2 meq of phosphorus per 100 grams of soil improved root 
length to 70 percent of the control. Additions of anhydrous ammonia signif­
icantly restricted root length in the Muscatine soil only at the 
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10.6 meq/100 gram level. Additions of monobasic calcium phosphate to iho 
soil before ammonia addition improved the root length (Table 8). 
The added phosphorus overcame the inhibitory effect that additions 
of anhydrous ammonia had on corn seed germination, if the pH was greater 
than 9.0 and more than 7.2 meq of ammonium nitrogen was added, germination 
was inhibited. If the pH was lowered leaving the ammonia concentration 
constant, germination inhibition was alleviated. 
Effect of Raising pH with Calcium Carbonate 
Calcium carbonate additions to the Muscatine silty clay loam caused 
an inhibition to corn seed germination when 16 meq of ammonia were applied 
per 100 grams of soil. The initial soil pH before liming was 5.5 and 
after liming it was 7.7. The addition of the lime plus the anhydrous 
ammonia resulted in a pH of 95. When 12.2 meq of ammonia and no lime 
were added the percent germination was 97. 
The addition of calcium carbonate and anhydrous ammonia increased 
the soil pH to a level that was toxic to corn seeds. When they did 
germinate the roots were brown and they were less than 34 percent of the 
control in length. Raising the pH and keeping the ammonia concentration 
constant, decreased the percent germination. These data indicate that 
there is an ammonia-pH relationship that is important in the germination 
of corn seeds and development of seedlings. 
Effect of Raising pH with Calcium and Potassium Carbonate 
Corn seed germination was not inhibited when potassium carbonate 
plus calcium carbonate was added to the Muscatine silty clay loam. These 
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additions resulted in a soil pH above 9.0. The germination inhibitory 
factor at pH 9.0 does not appear to be just pH. 
The germinated corn seeds had an underdeveloped plumule that was 
7 percent of the control when the pH was above 9.0. The root length was 
about l6 percent of the control. Both the tops and the roots were dead 
at the end of the experiment (22 days after planting) when 2k meq of 
potassium carbonate were applied per 100 grams of soil. The important 
contribution of this study was the fact that 100 percent of the corn 
seeds germinated in Muscatine silty clay loam at pH 9.3 without anhydrous 
ammonia additions. 
Plumule and Radicle Development 
Corn and cotton seeds germinating in Webster clay loam treated with 
anhydrous ammonia had restricted radicle and plumule growth. Radicles 
were usually less than 0.5 mm in length. The tips of the radicles were 
discolored and had stopped growing. The plumules were less affected by 
the ammonia treatments. The corn leaves developed normally but were 
about 50 percent shorter than the controls. The cotton tops were also 
stunted but did not show other visual signs of abnormal growth. 
Corn and cotton plants growing in the Muscatine silty clay loam were 
similar in ammonia damage growth characteristics to those grown in the 
Webster soil except that a higher amount of ammonia was required to 
produce the same characteristics. Soil treatments of 11.2 meq of ammonia/ 
100 grams at pH 8.6 were required to produce stunted plants with very 
little radicle development. 
High pH without anhydrous ammonia additions caused different abnormal 
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growth characteristics from those produced under high pH due to additions 
of anhydrous ammonia. The corn plants growing in Muscatine silty clay 
loam that were treated with potassium carbonate (24 meq/100 grams, pH 9.3) 
germinated (93 percent) and had some radicle development. The average 
length of the plumule was 1.9 cm. Radicle development was about 15 percent 
as long as the control. The plants were dead when they were harvested 
22 days after planting (Figure 5). 
The growth characteristics of the corn plants affected by anhydrous 
ammonia additions to the soil were described as a stunting of the tops 
and a severe stunting of the roots, especially the radicle. Increasing 
the pH to 9.0 or above and maintaining the ammonia concentration at 7.1 
meq or above caused germination to be completely inhibited. The lack of 
germination resulting from a combination of ammonia concentration and 
pH would support the hypothesis that free ammonia was the inhibitory agent. 
Ammonia-Ammonium Activity in Soil 
The soil reaction with ammonia can be described by the following: (?) 
adsorbed - exchangeable.^—dissolved in ammonia in _ ^  ammonia in 
soil solution soil air atmosphere 
NH^  =;=±r NHJ ^ • NH3(aq) ^^^(g) NH2(g) 
+ 
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Assuming that the above system is in equilibrium, additions of 
anhydrous ammonia would cause the hydrogen ion concentration to decrease 
by forming ammonium ions. The concentration of ammonium ions will 
increase until the hydrogen ion pool is lowered and the remaining ammonia 
will stay in the gaseous state. A slight decrease in the hydrogen ion 
concentration would favor production of more ammonia gas. This gaseous 
ammonia production has been recorded by A11 red and Ohirogge (2), Blanchar 
(8), and Bennett and Adams (7). 
With the soils used in these studies, germination of corn and cotton 
seeds was inhibited by high ammoniacal-nitrogen concentration plus high 
pH. Germination was inhibited within 12 hours after planting corn and 
cotton seeds in Webster clay loam treated with anhydrous ammonia. Corn 
seed germination in the Muscatine soil was inhibited by additions of 
anhydrous ammonia only when the resulting soil pH was above 9.0 and the 
concentration of ammoniacal-nitrogen was above 7.2 meq/100 grams. 
Lowering the pH but maintaining the concentration of ammoniacal-
ni trogen improved corn seed germination. Raising just the pH or just 
the ammoniacal-nitrogen concentration did not cause germination inhibition. 
Corn seeds that germinated in ammonia treated soil had little radicle 
development, brown nodal roots, and stunted but green plumule growth. 
Corn seedlings growing in soil amended with potassium carbonate had 
radicle development but little plumule development. The plants died 7 
days after emergence. 
It was concluded that the brown root tips, short root growth, and 
stunting were due to free ammonia in the soil air. The rapid germination 
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inhibition must have also been caused by free ammonia. The free ammonia 
concentration in the soil air was reduced by lowering the soil pH or 
lowering the concentration of ammoniacal-nitrogen. 
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